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Abstract—The frequency and intensity of weather events are 
expected to change as climate change, which may result in more 
frequent and intensive disasters such as flash floods and 
persistent droughts. Subsequent impacts will affect regions in 
different ways, but projected to worsen conditions in water 
scares countries like Oman. In Oman, changes in precipitation 
and temperature have already begun to be detected, although a 
comprehensive analysis to determine long-term trends has yet to 
be conducted. We analyzed daily precipitation and temperature 
records in Salalah city of Oman, mainly focusing on extremes. A 
set of climate indices, defined in the RClimDex software package, 
were derived from the longest available daily series (precipitation 
over the period 1943-2011 and temperature over the period 1991-
2011). Results showed significant changes in daily minimum and 
maximum temperatures associate with cooling as well as 
warming. The annual number of cold nights (percentage of days 
when daily minimum temperature (TN) less than 10th percentile 
of that during base period: 1991-2000) decreased by 8 days per 
decade (p-value = 0.3). On the other hand, the annual number of 
warm nights (percentage of days when daily minimum 
temperature (TN) larger than 90th percentile of that during base 
period) increased by 10 days per decade (p-value = 0.3). In 
contrast, the annual occurrence of cold days increased by 11 days 
per decade (p-value = 0.25), while the annual occurrence of warm 
days decreased by 4 days per decade (p-value = 0.62). The 
significant trends apparent in minimum temperatures reveal that 
Salalah area has become less cold rather than hotter. Moreover, 
contrary trends in minimum and maximum temperatures 
indicate that, in long-term, daily temperature range has 
decreased in this area.  
Annual total precipitation averaged over the period 1943-2011 
is 95 mm, which shows a statistically weak negative trend with a -
2 mm/10 yr rate. There is also a tendency for precipitation 
extremes according to many indices. The contribution from very 
wet days to the annual precipitation totals steadily increases with 
significance at 87% level. The positive trend in simple daily 
intensity index is also clear and reasonably significant (p-value = 
0.29). Results of all these indices lead us to conclude that 
precipitation intensity in Salalah has increased while mean 
precipitation changes are less marked.                
I. INTRODUCTION 
Extreme weather events are causing extensive damage to 
economy, environment and human life. For example, the 
supper cyclone, hurricane gonu in 2007 caused extensive 
damage along coastline cities, with total rainfall reached 610 
mm near the coast. The cyclone caused about 4 billion in 
damage (2007 USD) and 49 deaths (Rafy and Hafez, 2008). 
Many studies show that these extreme events that used to be 
rare in more than 60 years before are becoming frequent in 
many parts of the world in recent decades. Alexander et al. 
(2006) assessed changes in daily temperature and precipitation 
extremes. They found that the trends in minimum temperature 
are more significant, implying that many regions become less 
cold rather than hotter. Easterling et al. (2000) revealed the 
heavy precipitation change in Siberia and northern Japan 
while mean precipitation changes are less marked. Therefore, 
greater understanding of occurrence of past extremes is prime 
important to avoid or at least to reduce the damages such as 
catastrophic floods and prolonged period of droughts 
(Beniston et al. 2007; Fowler et al. 2005). 
In Oman, changes in precipitation and temperature have 
already detected (Al Rawas and Valeo, 2010), although a 
comprehensive analysis to determine long-term trends has yet 
be conducted. With   efforts to build a long-term database, the 
Sultan Qaboos University now possessed quality controlled 
records of daily temperature over the period 1991-2011 and 
daily precipitation over the period 1943-2011. The objective 
of this research is to use these data to evaluate the trends of 
extreme temperature and precipitation change in Salalah. 
II. STUDY AREA 
Salalah, the second largest city in the Sultanate of Oman, 
located in southern of Oman and on the edge of the Indian 
Ocean (Fig. 1). Annual total precipitation averaged over the 
period 1943-2011 is 95 mm, which shows statistically weak 
negative trend of a 2 mm/10-years. Mean annual temperature 
during 1980-2008 warms at a rate of 0.12°C/10-years, which 
is relatively small compared to warmings recorded in northern 
cities such as Sur and Khasab (1.03 and 0.5°C per decade, 
respectively). Salalah costal plain serves one of the intense 
agricultural fields in the Sultanate of Oman. Consequently, 
over the time, saline water intrusion has become one of the 
major issues for the management of sustainable groundwater 
resource. By the end of 2003, a main project was operated to 
treat wastewater and re-inject 20000 m
3
 daily in the coastal 
wells in Salalah in order to stop seawater intrusion. In past, 
severe cyclones have occurred in Salalah area in 1959, 1963 
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and 1966. In 2002, a tropical storm affected Salalah 
city which brought 58.6 mm rain in the city area and 250.6 
mm rain in adjoining mountains.  
 
Fig. 1. Study area in Oman 
 
III. METHODOLOGY 
    In this study, maximum and minimum temperatures, and 
precipitation trends were analysed using a selection of 27 
indices. These indices were calculated using RClimDex 
software, which was developed by the Expert Team on 
Climate Change Detection, Monitoring and Indices 
(ETCCDMI) to analyse many aspects of a changing climate 
(Alexander et al. 2006). The quality control procedure in 
RClimDex was applied to identify errors in data processing. 
Both minimum and maximum daily temperatures were 
considered as missing values if daily minimum temperature is 
greater than daily maximum temperature. Daily maximum and 
minimum temperature records were defined as outliers if they 
lye outside the range of four standard deviations (STDEV) 
from the mean of the records (Mean ± 4 × STDEV). Negative 
precipitation records were also considered as missing values. 
Homogeneity test was conducted using RHtest software 
package to identify abrupt changes in data series. However, no 
artificial step changes were detected.  
IV. RESULTS AND DISCUSSION 
The set of 27 indices used in this study includes 16 
temperatures related and 11 precipitation related indices 
which describe changes in intensity, frequency and duration of 
temperature and precipitation events. For space reason, we 
present specific indices with significant impacts, together with 
combined indices, if the thresholds represent to values of 
hydrological significance. A trend is said to be detected when 
a test of the null hypothesis that no trend is present is rejected 
at a high significance level, such as 5% or 10%. 
We found no significant changes in most of precipitation 
indices (Table 1). However, consecutive wet days (CED) 
shows negative trend with a confidence 89% (Fig. 2). On the 
other hand, consecutive dry days (CDD) increases but exhibits 
only a statistically weak relationship with standard error larger 
than the slope of the fitted linear regression line. The simple  
TABLE I 
TEST STATISTICS OF PRECIPITATION INDICES 
Index Slope 
Standard 
error 
P-value 
Significant at 
5% 10% 
CDD 0.253 0.38 0.507 No No 
CWD -0.031 0.020 0.113* No No 
PRCPTOT -0.194 0.535 0.718 No No 
RX1day 0.018 0.211 0.933 No No 
RX5day -0.157 0.284 0.581 No Yes 
R95P 0.153 0.466 0.744 No No 
R95P/ 
PRCTOT 
0.0027 0.0017 0.130* No No 
SDII 0.015 0.014 0.285 No No 
     *Significance level < 25% 
 
 
Fig. 2. Trend of consecutive wet days (CWD) 
 
Fig. 3. Trend of simple daily intensity index (SDII) 
 
Salalah 
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Fig. 4. Contribution from very wet days to total precipitation 
 
daily intensity index (SDII), which is the ratio of annual 
precipitation and number of wet days, shows a reasonably 
positive trend with a confidence of 71% (Fig. 3). Figure 4 
depicts that the contribution from very wet days to the annual 
precipitation total steady increases with a reasonable high 
confidence of 87%. In other words, the probability of the null 
hypothesis (no contribution from extreme precipitation) 
becomes true is less than 0.13. These results lead us to 
conclude that precipitation intensity in Salalah has increased 
while the annual total precipitation slightly decreases.  
Both absolute temperature indices: TNn (annual minimum 
value of daily minimum temperature) and TXx (annual 
maximum value of daily maximum temperature) in Table II 
exhibit no statistically significant change. However, the trends 
of TNx (annual maximum value of daily minimum 
temperature, Fig. 5) and TXn (annual minimum value of daily 
maximum temperature, Fig. 6) are relatively significant. The 
absolute magnitude of the gradients of two curves is higher 
than standard errors, even though none of them are 
statistically significant at 10% level. The extreme temperature 
range (ETR) index calculated from the difference between 
TXn and TNx indicates a reasonably strong upward trend (Fig. 
7) with a confidence of 86%. In practical point of view, these 
changes indicate that the temperature of warmest nights 
increases while the temperature of coolest day times decreases.  
When the percentile based indices were considered, the annual 
number of cold nights (percentage of days when daily 
minimum temperature (TN) less than 10
th
 percentile of that 
during base period: 1991-2000) decreased by 8 days per 
decade (p-value = 0.3). On the other hand, the annual number 
of warm nights (percentage of days when daily minimum 
temperature (TN) larger than 90
th
 percentile of that during 
base period) increased by 10 days per decade (p-value = 0.3). 
In contrast, the annual occurrence of cold days increased by 
11 days per decade (p-value = 0.25), while the annual 
occurrence of warm days decreased by 4 days per decade (p-
value = 0.62).  
V.  CONCLUSIONS 
In this study, precipitation and temperature extremes in 
Salalah, Oman were investigated using a set of climate indices. 
The significant trends apparent in minimum temperatures 
reveal that Salalah area has become less cold rather than hotter. 
Moreover, contrary trends in minimum and maximum 
temperatures indicate that, in long-term, daily temperature 
range has decreased in this area.  
Many precipitation indices show no statistically significant 
trend. However, there is a tendency for precipitation extremes 
according to some indices. The contribution from very wet 
days to the annual precipitation totals steadily increases with a 
confidence of 87%. The positive trend in simple daily 
intensity index is also clear and reasonably significant (p-
value = 0.29). However, the annual total precipitation 
averaged over the period 1943-2011 shows a weak negative 
trend with a -2 mm/10 yr rate. Results of all these indices lead 
us to conclude that precipitation intensity in Salalah has 
increased while mean precipitation changes are less marked 
TABLE III 
TEST STATISTICS OF TEMPERATURE INDICES 
Index Slope  Standard 
error 
P-
value 
Significant at  
5%  10%  
TNn -0.016 0.027 0.562 No No 
TXx -0.077 0.105 0.472 No No 
TNx 0.024 0.024 0.338 No No 
TXn -0.056 0.052 0.299 No No 
CSDI -0.353 0.270 0.206* No No 
DTR -0.02 0.008 0.025* No No 
TN10P -0.217 0.202 0.296 No No 
TN90P 0.282 0.266 0.302 No No 
TX10P 0.313 0.265 0.253 No No 
TX90P -0.120 0.239 0.622 No No 
ETR 0.079 0.051 0.137* No No 
    *Significance level < 25% 
 
 
Fig. 5. Trend of annual maximum value of daily minimum temperature (TNx) 
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Fig. 6. Trend of annual minimum value of daily maximum temperature (TXn) 
 
Fig. 7. Trend of extreme temperature range index (ETR) 
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